Dengue virus, a member of the flavivirus family, is a mosquito-borne viral pathogen for which any specific treatment or control of infection by vaccination is yet to be conclusive. The envelope glycoprotein, E, mediates viral entry by membrane fusion. Elucidation of post-translational modification sites in E protein followed by sequence alignment produced stretches of residues which are conserved in most of the members of flaviviruses. Presence of protein kinase A (PKA) and protein kinase G (PKG) phosphorylation sites predicts that E protein may activate PKA and PKG through phosphorylation which is responsible for inhibition of platelet activation, and thereby causing thrombocytopenia. Here, we attempt to decipher the novel role of Dengue virus E protein in pathogenesis. His research interest includes computational genomics, gene prediction and analysis, RNA secondary structure prediction, protein structure-function prediction and analysis, post-translational modification, protein-protein, protein-ligand docking, Epitope mapping etc. He has produced articles working on identification of viral pathogens from fecal samples, their phylogenetic analysis and model building for vaccine development.
Introduction
Dengue is one of the most common mosquito-borne viral diseases where one-third of the world population remains at risk of infection (Rigau-Perez et al., 1998) . Infection may be asymptomatic or severe causing Dengue Haemorrhagic Fever (DHF), Dengue Shock Syndrome (DSS) and life-threatening complications typified by vascular leakage. Dengue epidemic activity is spread throughout the tropical and sub-tropical regions of the world with most cases occurring in South-East Asia and Central America (Gubler, 1997) .
Dengue is a small single-stranded RNA virus of the family Flaviviridae composed of four distinct serotypes (DEN1-4) within the flavivirus genus. Its genome consists of a single open reading frame directing the synthesis of a polyprotein, which is cleaved by viral and host proteases into 10 viral proteins. These include three structural proteins, namely core (C), envelope (E) and membrane (M), synthesised in precursor form (prM), and seven non-structural (NS) proteins (Rigau-Perez et al., 1998; Mukhopadhyay et al., 2005) .
Dengue infection is initiated by the bite of a mosquito in the skin, where the virus is thought to interact with resident dendritic cells, known as Langerhans cells, shown to be up to ten times more permissive to dengue infection than monocytes or macrophages (Wu et al., 2000) . These cells express DC-SIGN (dendritic-cell-specific ICAM3-grabbing non-integrin receptor), a mannose-specific, C-type lectin that binds to all four serotypes of dengue envelope glycoprotein (Navarro-Sanchez et al., 2003; Tassaneetrithep et al., 2003) . DC-SIGN mediates dengue virus entry, allowing for subsequent viral infection and leading to the release of infectious virions from the cell (Tassaneetrithep et al., 2003) .
Post-Translational Modification (PTM) of protein can regulate the protein function by causing changes in protein activity, their cellular locations and dynamic interactions with other proteins. A number of PTMs are involved in the signalling pathway from membrane to nucleus in response to external stimuli or other proteins (Seo and Lee, 2004) . PTMs of a particular protein activate or deactivate other effector proteins and play roles in modulating host cell signalling. Therefore, prediction of PTMs is an important research tool for the study of system biology. Among different PTMs, N-glycosylation, myristoylation and phosphorylation are important for viral pathogenesis. Besides, protein phosphorylation plays crucial regulatory roles in a variety of biological cellular processes, including transcription, translation, mitosis/cell cycle (Xue et al., 2006a) .
The main purpose of this study is to predict the different PTMs on dengue virus envelope glycoprotein E, and observation of the conservation of PTM sites in all serotypes of dengue and other flaviviruses. We have found several conserved PTM sites on E protein that may attribute a new dimension of dengue virus pathogenesis.
Materials and methods

Multiple sequence alignment
Multiple sequence alignment was carried out to find the conserved regions in most serotypes of dengue and other flavivirus E protein. The sequences are taken for alignment under the following accession numbers AAZ43214.1, AAM75198.1, AAV70545.1 and ABO27189.1 for Dengue virus types 1, 2, 3 and 4, respectively. These sequences were compared with that of other members of the flavivirus family such as Japanese encephalitis virus, Tick-borne encephalitis virus, West Niles virus and yellow fever virus under the accession numbers NP059434, NP043135, YP001527877 and NP041726, respectively. Multiple sequence alignment was performed using ClustalW (2) in EBI server (http://www.ebi.ac.uk/ClustalW) (Larkin et al., 2007) .
Prediction of post-translational modification
Post-translational modification sites/motifs found in PROSITE (www.expasy.ch/prosite) database are searched using the PredictProtein Server (Rost et al., 2004) . Dengue type 3 E protein amino acid sequence was used for this prediction. PredictProtein (http://cubic.bioc.columbia.edu/pp) is an internet service for sequence analysis and the prediction of aspects of protein structure and function.
Prediction of PK-specific phosphorylation sites
Several other PK-specific phosphorylation sites on dengue virus envelope glycoprotein were predicted using PPSP server (Xue et al., 2006a) . PPSP is a novel, versatile and comprehensive program, deployed with approach of Bayesian Decision Theory (BDT). PPSP could predict the potential phosphorylation sites accurately for ~70 PK (Protein kinase) groups. The accuracy of the prediction of these PK phosphorylation sites is also satisfying (Sikder and Zomaya, 2009 ).
Prediction of SUMO (small ubiquitin-like modifier) protein attachment site
Small ubiquitin-like modifier (SUMO) protein attachment site in the dengue virus envelope glycoprotein is determined by using the SUMOPlot TM server (Xue et al., 2006b) . SUMOplot™ is a program that predicts the probability for the SUMO consensus sequence (SUMO-CS) to be engaged in SUMO attachment. SUMOplot™ server can help explain why some proteins produce larger MWs than expected while migrating on SDS polyacrylamide gels, what could be due to attachment of SUMO protein (11 kDa) at multiple positions of protein sequences. The SUMOplot™ score system is based on two criteria:
• direct amino acid match to the SUMO-CS observed and shown to bind Ubiquitin conjugating enzyme (Ubc9)
• substitution of the consensus amino acid residues with amino acid residues exhibiting similar hydrophobicity.
Analysis of transmembrane topology of E protein
Transmembrane (TM) topology of the E protein is predicted using ConPred II server (Arai et al., 2004) . ConPred II (http://bioinfo.si.hirosaki-u.ac.jp/~ConPred2) is a server for the prediction of TM topology based on a consensus approach by combining the results of several proposed methods. The prediction methods used in ConPred II are KKD, TMpred, TopPredII, DAS,TMAP, MEMSAT 1.8, SOSUI, TMHMM 2.0 and HMMTOP 2.0.
Result
Multiple Sequence Alignment of 4 Serotypes
Multiple sequence alignment of four serotypes of dengue virus and some important flavivirus such as Japanese encephalitis virus, Tick-borne encephalitis virus, West Niles virus and Yellow fever virus showed lot of conserved residues throughout the sequences. There are some stretches of conserved residues in both N-terminal and C-terminal portions that may be motifs. The most conserved stretch of residues, which is present in all serotypes, lies between amino acid positions 97 and 111 in the N-terminal region ( Figure 1 ). This conserved region (shown in green in Figure 2 ) particularly acts as a fusion loop during membrane fusion of dengue virus (Modis et al., 2004) . Conservation of this loop in all flaviviruses indicates that this particular region is essential in all flaviviruses for their infectivity, and could be used as a target for antiviral drugs. Figure 2 Location of the most conserved region, the fusion loop (Green colour) of E protein dimer (PDB code-1UZG) (Modis et al., 2005) . Orange colour denotes E protein chain A and blue colour denotes chain B. Illustrations were generated using PyMol (see online version for colours)
Prediction of post-translational modification
It has been known for a long time that potential N-glycosylation sites are specific to the consensus sequence Asn-Xaa-Ser/Thr. It must be noted that the presence of the consensus tripeptide is not sufficient to conclude that an asparagine residue is glycosylated because folding of the protein plays an important role in the regulation of N-glycosylation. The consensus pattern of N-glycosylation site in prosite database is N-{P}-[S/T]-{P} where N is the glycosylation site. cAMP-and cGMP-dependent PKs appear to share a preference for the phosphorylation of serine or threonine residues found close to at least two consecutive N-terminal basic residues. The consensus pattern of this site in prosite database is:
where S or T is the phosphorylation site. In vivo, protein kinase C exhibits a preference for the phosphorylation of serine or threonine residues found close to a C-terminal basic residue (Glass and Smith, 1983; Kishimoto et al., 1985) . The presence of additional basic residues at the N-or C-terminal of the target amino acid enhances the Vmax and Km of the phosphorylation reaction. The consensus pattern in prosite database is: [S/T]-x-[R/K] where S or T is the phosphorylation site. Casein kinase II (CK-2) is a protein serine/threonine kinase whose activity is independent of cyclic nucleotides and calcium. CK-2 phosphorylates many different proteins. The consensus pattern in prosite database is:
where S or T is the phosphorylation site (Pinna, 1990 ).
An appreciable number of eukaryotic proteins are acylated by the covalent addition of myristate (a C14-saturated fatty acid) to their N-terminal residue via an amide linkage. The sequence specificity of the enzyme responsible for this modification, myristoyl CoA: N-Myristoyl Transferase (NMT), has been derived from the sequence of known N-myristoylated proteins and from studies using synthetic peptides (Towler et al., 1988) . The sequence of E protein was analysed with PredictProtein server. Results obtained from the server are described in Table 1 . 
Other protein-kinase-specific phosphorylation sites
Several other PK-specific phosphorylation sites that are not present in PredictProtein server are identified using the PPSP server. PKG, PKA, Platelet-Derived Growth Factor Receptor (PDGFR) kinase, Janus Kinase (JAK), Mitogen-Activated Protein (MAP) kinase and Inhibitor Kappa Kinase (IKK) phosphorylation sites are identified on dengue virus envelope glycoprotein E. Results obtained from the PPSP server are depicted in Table 2 . 
Prediction of SUMO (small ubiquitin-like modifier) protein attachment site
SUMO-1 (small ubiquitin-related modifier; also known as PIC1, UBL1, Sentrin, GMP1 and Smt3) is a member of the ubiquitin and ubiquitin-like superfamily. Most SUMO-modified proteins contain the tetrapeptide motif B-K-x-D/E where B is a hydrophobic residue, K is the lysine conjugated to SUMO, x is any amino acid, D or E is an acidic residue. Substrate specificity appears to be derived directly from Ubc9 and the respective substrate motif. Results obtained from the SUMO plot server are described in Table 3 . The program identified nine potential SUMO binding motifs within the dengue E protein. Among them, 3 motifs are found to be highly probable (score above 0.90). 
Analysis of transmembrane topology
Transmembrane topology of the dengue virus envelope glycoprotein was determined by the conpred II server. We have found two TM segments ( Figure 3 ): one of which is between amino acids position 444 and 464 and another is between 471 and 491 amino acids. A signal peptide is predicted by the program, which is located in the N-terminal portion of E protein. 
Discussion
This study is based on absolute computational analysis of the proteins such as multiple sequence alignment with other serotypes including some important flavivirus such as Japanese encephalitis virus, Tick-borne encephalitis virus, West Niles virus and Yellow Fever virus. We have further identified several PTM sites on E protein and mapped their conservation among flaviviruses. The TM topology and hydrophobicity of the E protein was also analysed. From this study, some interesting findings are surfaced.
Prediction of post-translational modification sites
The E protein has two potential N-linked glycosylation sites at Asn-67 and Asn-153.
The glycosylation site at Asn-153 is conserved in most flaviviruses, while glycosylation at Asn-67 is unique for dengue virus (Heinz and Allison, 2003) . Recently, a cryoelectron microscopy reconstruction of dengue virus complexed with the carbohydrate-binding domain of DC-SIGN has shown interaction of the lectin with the N-glycan at Asn-67 (Pokidysheva et al., 2006) . Previous analysis of the crystal structure of E from dengue virus and other flaviviruses indicated that the carbohydrate moiety at Asn-153 extends across the dimer interface covering the fusion peptide. Stabilisation of the E dimer by this oligosaccharide is consistent with the properties of dengue virus mutants at position 153, which fuse with target membranes at a higher pH (Modis et al., 2003; Rey et al., 1995) . From our computational analysis, we found three N-glycosylation sites in the sequence. Two of them, which are in Asn-67 and Asn-153 position, agree with previous analysis. Program has found an extra N-glycosylation site at Asn-470, which is not previously discussed. Through TM topology analysis, we found that this region is located adjacent to the TM segment, just inside the envelope. That is why although there is sequence similarity with the pattern of N-glycosylation site, this may not be a potential glycosylation site. Further analysis is required to know the real scenario. Multiple sequence alignment shows that glycosylation site at Asn 67 is not conserved in JEV, WNV, TBE and YFV. Program also predicts a cAMP-and cGMP-dependent PK phosphorylation site at position 391. This may occur just by chance or it may have some functions that we do not know yet. Protein kinase C phosphorylation is important in many cellular processes such as signal transduction or other processes. Through prosite pattern, we have found some protein kinase C phosphorylation site at positions 55, 184, 198, 237, 357 and 403 . Most of these sites are well conserved in dengue virus and some of them are conserved in other flaviviruses as well. The exact role of this phosphorylation is yet to be reported.
The participation of casein kinases II in regulation of different cellular processes is shown in carbohydrate and lipid metabolism, in transcription, translation and enzyme synthesis. Several casein-kinase II phosphorylation sites have been predicted by the program at different positions of the protein sequence. Among them, pattern TWVD at position 19, TQGE at position 76, TGLD at 187, TAWD at position 416 are highly conserved in most of the serotypes of dengue and some flaviviruses.
N-myristoylation of E protein may be required for viral viability and host cell attachment
Post-translational addition of lipids to polypeptide chains has been thought to be a process akin to glycosylation and one whose sole role is the permanent localisation of the protein in a lipid bilayer in the cell. Acylation of viral protein is an important event. Lipid moiety is essential for the transport and localisation of protein in the membrane and thus for viral viability. Myristoylation is a process whereby essentially cytoplasmic proteins/enzymes can become membrane-bound, thus locating them at their site of action.
Although the exact function of myristoylation is not clear yet, the addition of a relatively large hydrophobic moiety to a protein will increase its overall hydrophobicity somewhat, and the hydrophobicity of the particular area to which it is attached appreciably. Myristate can play a role in mediating protein-protein interactions within the virus and in organising, both temporally and spatially, some of the polypeptide chains during the later stages of infection (Grand, 1989) . Result obtained from the programs predicts abundance (10 sites) of myristoylation site in the dengue virus E protein.
It is very interesting to note that pattern GNGCGL at position 102 is highly conserved (Figure 1 ) and located on the region of fusion loop. Thus, myristoylation may play an important role in viral membrane localisation. By using the myristate from host cell, it may interact with other proteins in host cells.
Dengue virus envelope glycoprotein may have impact on signalling pathways
We are predicting that the dengue virus envelope glycoprotein may be a substrate of phosphorylation with several proteins in host cell signalling pathways. This study, therefore, attempts to find out the phosphorylation sites on dengue envelope protein by using the PPSP program. We have found a substantial number of different phosphorylation sites such as PKG, PKA, PDGFR kinase, Janus Kinase (JAK), MAP kinase, Inhibitor of Kappa Beta (IKK) kinase phosphorylation sites. It is noted that all of these proteins are part of the signalling pathways in host cells particularly human. Among them, most of these PKs are involved in regulating platelet activation and inactivation directly or indirectly. It was found that PKA and PKG inhibit platelet activation through a number of shared pathways, including inhibition of phosphoinositide metabolism and through Ca 2+ extrusion (Hoffbrand et al., 2005) . Our computational analysis revealed several PKG and PKA phosphorylation sites on the dengue virus E protein (Table 2) . It indicates that dengue virus E protein may be responsible for activation of PKG and PKA through phosphorylation, and thereby prevents platelet activation. This may be a mechanism why patients of dengue infection suffer from thrombocytopenia.
Small Ubiquitin-like modifier attachment site of E protein is not conserved in all flavivirus
Small Ubiquitin-like Modifier is a ubiquitin-related protein that covalently binds to other proteins. Conjugation of ubiquitin and ubiquitin-related proteins (Ublps) to cellular target proteins is involved in many aspects of eukaryotic gene expression by regulating the signalling for degradation or modifying the functions of target proteins. Some evidence has suggested that ubiquitin conjugating enzyme (Ubc9) can itself bind specifically to substrates presenting a consensus SUMO modification motif, wKxE (w represents the hydrophobic resides, K is lysine, x is any residue, and E is glutamic acid). Recently, structural analysis has revealed that Ubc9 can recognise this sequence directly (Xue et al., 2006b ). Ubc9 binding may play an important role in substrate recognition as well as in substrate modification. In recent years, growing numbers of viral proteins have been found to conjugate with SUMO-1.
To assess the direct interaction between Dengue virus E and Ubc9, we analysed the sumoylation consensus motif of E protein by SUMOplotTM (ABGENE); this system is based on two criteria: the first is the direct amino acid match to the observed SUMO consensus sequence that binds Ubc9; the second is the substitution of the consensus amino acid residues with other residues exhibiting similar hydrophobicity. The system recommended three high probability binding sites, residues 286, 307 and 321 (Table 3) among nine potential candidates. None of these binding sites are conserved in all serotypes of dengue virus and other flavivirus. These binding sites are totally different than the dengue virus type 2 E protein (Chiu et al., 2007) . E protein consists of three separate domains, the central domain I, the dimerisation domain II and the domain III responsible for the receptor binding and endosomal uptake during viral infection (Modis et al., 2005) . In Dengue type 2 E protein, residue 393 located too close to the TM domain and therefore, due to stereo hindrance, it should not have the opportunity to interact with Ubc9 during viral infection. Hence, it was ranked to be a less likely candidate. But in case of type 3 E protein, all three binding residues are located in domain III and are apart from the TM region. That is why three of them have chance of being the attachment site. By site-directed mutagenesis, the amino acids at these positions can be changed from K to R either individually or in pair for confirmation of correct interaction site.
In conclusion, the study identifies several PTM sites on dengue virus envelope glycoprotein E and their conservation in all serotypes of dengue and other important flaviviruses. This PTM of envelope protein may be another mechanism of dengue virus pathogenesis, as this modification is very important in regulating host cell signalling pathways. However, experimental verification of this modification site is required for deciphering the actual mechanism.
